To investigate long-tenn adaptations after unilat eral carotid artery ligation, the effect of forebrain ischemia on cerebral blood flow and ATP levels was determined at various times after ligation, Unilateral carotid artery ligation was per fonned in male Wistar rats 0, 3, or 7 days before forebrain ischemia, Laser-Doppler blood flow was monitored bilaterally over the parietal cortex and ATP was measured in the subad jacent cortex of both hemispheres at the end of a IO-minute episode of ischemia, In the O-day group, forebrain ischemia reduced cortical blood flow to 12% ± 8% (mean ± SD) of preischemic values and lowered cortical ATP to 26% ± 35% of control levels in the ipsilateral hemisphere, Delaying the onset of forebrain ischemia for 3 days after carotid artery ligation significantly improved cortical blood flow (29% ± 12%, P < In the rat, occlusion of one common carotid artery alone causes only minor alterations in cerebral blood flow in the ipsilateral hemisphere (Salford and Siesjo, 1974; De Ley et aI., 1985; Coyle and Panzenbeck, 1990) , However, when combined with systemic hypoxia, uni lateral carotid artery ligation is associated with ischemic neuronal injury in the ipsilateral hemisphere of both adult and neonatal rat brain (Levine, 1960; Salford et aI., 1973; Rice et aI., 1981), Recently, we demonstrated that delaying the onset of hypoxia for 24 hours after carotid ligation prevented the depletion of ATP and markedly diminished the extent of ischemic injury in the brain of neonatal rats (Hylton et aI., 1995), These results indicate that adaptations occur after carotid ligation that increase This work was supported by National Institutes of Health Grants AA-054l9 (K Mitchell) and NS-29331 (FA Welsh), Address correspondence and reprint requests to Frank A. Welsh, PhD, 313 Stemmler Hall, 36th and Hamilton Walk, Philadelphia, PA 19104-6070, U.SA 118 0,05) and ATP levels (92% ± 11 %, P < 0,05) in the ipsilateral hemisphere, Delaying forebrain ischemia for 7 days also sig nificantly improved ipsilateral blood flow (36% ± 1 1 %, P < 0,05) and ATP levels (81 % ± 29%, P < 0,05) compared with the O-day group, In the contralateral hemisphere, the reduction in blood flow and ATP levels was not significantly altered by delaying the onset of forebrain ischemia for 3 or 7 days, These results show that unilateral carotid artery ligation induces long tenn vascular adaptations that improve the collateral circulation and preserve ATP levels during a subsequent episode of isch emia,
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Unilateral carotid artery ligation was reported to en large one of the major collateral vessels, the ipsilateral posterior communicating artery, in the adult rat (Coyle and Panzenbeck, 1990) . Enlargement of this collateral vessel would be expected to improve blood flow in the ipsilateral hemisphere during a subsequent episode of hypoxia or ischemia. Indeed, improved collateral circu lation has been shown in the ipsilateral hemisphere 6 weeks after unilateral carotid artery ligation (Coyle and Panzenbeck, 1990) . However, it is not clear whether such adaptations in the collateral circulation can occur within the first few days after carotid artery ligation. Thus, the objective of the present study was to determine whether an adaptive improvement in the collateral circulation oc-curred during the first week after unilateral carotid artery ligation. In addition, we wished to determine whether any improvement in the collateral circulation during ischemia would be sufficient to preserve tissue levels of ATP. Preliminary results of this work have been reported previously (Bronner et aI., 1997) .
MATERIALS AND METHODS
Male Wistar rats (Charles River, MA, U.S.A.), weighing 250 to 350 g, were anesthetized with halothane, intubated, and ven tilated mechanically with a mixture of I % halothane, 70% N20, and 30% O2, Paralytic agents were not used. Core tem perature was regulated at 37.5°C using a rectal probe connected to a heating pad. In animals designated for recovery, the com mon carotid artery on the right side was isolated through a neck incision, doubly ligated, and severed. The neck wound was then closed, and the animals were extubated and permitted to re cover for 3 or 7 days before forebrain ischemia. In animals undergoing immediate induction of forebrain ischemia, the tail artery was cannulated for measurement of arterial variables and for subsequent hemorrhage. Arterial blood gases were main tained within the normal range (Pco2, 35 to 40 mm Hg; P02 > 100 mm Hg; pH, 7.36 to 7.44) by adjusting the respirator. Mean arterial pressure ranged from 90 to 110 mm Hg until the onset of forebrain ischemia. The carotid arteries were isolated and encircled loosely with ligatures through a neck incision. The animal was then placed in a stereotaxic frame and 3-mm burr holes were drilled bilaterally over the parietal cortex for laser Doppler flowmetry. Previously ligated animals were reanesthe tized and surgically prepared for forebrain ischemia as described above. Cortical blood flow was measured simulta neously from one location over each hemisphere by placing laser-Doppler probes (I-mm diameter; Model 433-4, Vasamed ics, St. Paul, MN, U.S.A.) on the intact dura and recording flow with two perfusion monitors (Model BPM, 2 Vasamedics).
Preischemic cortical blood flow was determined by averaging flow values during the 10 minutes before ischemia. In an additional group of to control animals, cortical flow was de termined in the ipsilateral hemisphere during the first 10 min utes after unilateral carotid artery occlusion alone (Table I, control) . Forebrain ischemia was induced by pulling the carotid snares into tight-fitting polyethylene collars while simultaneously withdrawing blood from the tail artery until the mean arterial pressure reached 50 mm Hg. Cortical blood flow was averaged for 10 minutes of ischemia and expressed as a percentage of the preischemic flow. After 10 minutes of ischemia, the Doppler probes were removed, and the brain was frozen in situ with liquid N2. In an additional group of four control animals, the brain was frozen 3 days after ligation of the right carotid artery without forebrain ischemia ( Table 2 , control). The frozen heads were sectioned in the coronal plane through the burr holes with a chilled metal saw. In a -25°C glove box, two samples (I to 2 mg) were removed from the parietal cortex of each hemi sphere, weighed, and assayed for ATP using methods described previously (Hylton et aI., 1995) . Differences in mean values of blood flow and ATP between groups were tested for statistical significance using analysis of variance, followed by Student's t-tests with Bonferroni correc tions for multiple comparisons. Differences in mean values of flow and ATP between hemispheres were tested for statistical significance using a paired Student's t-test.
RESULTS
Unilateral carotid artery ligation alone had only a mi nor effect on ipsilateral cortical blood flow (Table 1 , control) and had no effect on ipsilateral levels of ATP measured 3 days after ligation (Table 2, control). Carotid ligation caused ptosis in 23% of the animals, presumably the result of damage to the sympathetic nerve trunk dur ing isolation of the carotid artery. However, there was no apparent difference in results between animals showing ptosis and those that did not.
Simultaneous occlusion of both carotid arteries, coupled with arterial hypotension, reduced cortical blood flow to 24 ± 9% and 12 ± 8% of preischemic values in the left and right hemispheres, respectively (Table 1 , o days). Similarly, cortical ATP declined to 70 ± 31% and 26 ± 35% of control levels in the left and right hemispheres, respectively (Table 2, 0 days). The in terhemispheric differences in cortical blood flow and ATP levels were statistically significant in the O-day ani mals.
Delaying the onset of forebrain ischemia for 3 days after ligation of the carotid artery on the right side re sulted in a 2.4-fold increase in cortical blood flow and a 3.5-fold increase in ATP levels in the ipsilateral hemi sphere, relative to the values in O-day animals (Tables 1 and 2). In the left (contralateral) hemisphere, the reduc tions in blood flow and ATP levels were not significantly different from those in the O-day animals. At 3 days, cortical blood flow in the right (ipsilateral) hemisphere was significantly greater than that in left hemisphere, the reverse of the difference observed at 0 days. The inter-hemispheric difference in A TP levels at 3 days was not statistically significant.
Delaying the onset of forebrain ischemia for 7 days also significantly increased cortical blood flow and ATP levels in the right (ipsilateral) hemisphere, compared with the O-day animals ( Tables 1 and 2) . However, there were no significant differences in blood flow and A TP levels between the 3-and 7-day animals. Similarly, blood flow and ATP levels in the left (contralateral) hemisphere at 7 days were not significantly different from those at 0 days. Again, the interhemispheric differ ence in cortical blood flow at 7 days was statistically significant, while the difference in A TP levels was not.
DISCUSSION
The present results show that unilateral carotid artery ligation in the rat induces cerebrovascular adaptations that improve collateral blood flow and A TP levels in the ipsilateral hemisphere during a subsequent episode of ischemia. The adaptive improvement in collateral circu lation was evident by 3 days after ligation, a time by which the ipsilateral posterior communicating artery has been reported to be enlarged by 50% (Coyle and Pan zenbeck, 1990) . Thus, the adaptive improvement in col lateral circulation during ischemia may be explained by an enlargement of this major collateral artery. However, there may also be adaptations in the ipsilateral microcir culation that contribute to the preservation of blood flow during ischemia. For example, enlargement of smaller anastomotic vessels between the distributions of the an terior cerebral and middle cerebral arteries has been shown after permanent occlusion of the middle cerebral artery in the rat (Coyle, 1984; Coyle and Heistad, 199 1) . Whatever the explanation, it is clear that unilateral ca rotid artery ligation induces cerebrovascular adaptations within 3 days, which improve the collateral circulation during a subsequent episode of ischemia.
The mechanisms coupling unilateral carotid artery li gation with adaptations in the cerebral vasculature re main unknown. Although carotid ligation causes an im mediate drop of intravascular pressure distal to the liga tion, the present results confirm previous studies showing only a minor reduction of blood flow in the ipsilateral hemisphere (Salford and Siesjo, 1974; De Ley et aI., 1985) . Presumably, rapid vasodilatation limits the decrease in blood flow after carotid ligation. The present results also show normal A TP levels in the ipsilateral hemisphere 3 days after carotid ligation. Thus, unilateral carotid artery ligation alone does not cause significant alterations in ipsilateral blood flow or energy state. How ever, carotid artery ligation markedly diminishes the cir culatory reserve in the ipsilateral hemisphere, as evi-J Cereb Blood Flow Metab. Vol. 18, No. I, 1998 denced by a suppression of the blood flow responses to hypoxia, hypercapnia, or hypotension (Salford and Siesjo, 1974; Sengupta et aI., 1973; Sengupta et aI., 1974) . Interestingly, the blood flow response to hyper capnia was reported to recover gradually during the first 2 weeks after unilateral ligation, indicating an adaptive increase in the circulatory reserve similar to that ob served in the present study (De Ley et aI., 1985) .
An unexpected finding in the present study was the asymmetric reduction of cortical blood flow and ATP levels in the two hemispheres after simultaneous occlu sion of both carotid arteries. It is possible that interhemi spheric differences in flow are caused by minor asym metries in the vascular anatomy and are enhanced at levels of perfusion that are threshold for maintaining ATP. It has been noted that left and right posterior com municating arteries differ in size (mean difference, 26%) in Fischer 344 rats (Coyle and Panzenbeck, 1990) . Fur thermore, variations in the branching pattern of posterior communicating arteries were reported to occur twice as frequently on the right side than on the left side (Brown, 1966) . Whatever the cause, flow differences between hemispheres should not affect the ipsilateral flow adap tations observed in the present investigation.
The significance of the present findings relates to the compensatory changes that occur in the brain when blood flow through a major vessel is reduced. These compensations are both immediate and slowly adapting. Immediate vasodilation and compensatory flow through existing collateral vessels serve to maintain blood flow at nearly normal levels after unilateral carotid artery occlu sion. However, long-term changes are required to restore circulatory reserve and, thus, maintain blood flow during a superimposed episode of hypoxia or ischemia. Identi fying the mechanism of these slowly adapting compen sations may have therapeutic relevance to carotid steno sis in humans.
